Introduction {#Sec1}
============

Keloid scars are an uncommon but severe result of impaired wound healing. Keloid scars may develop after acne vulgaris, trauma, surgical incisions, burn injuries, or without an obvious trigger \[[@CR1], [@CR2]\]. Intralesional corticosteroid injection is considered the first-line treatment for keloid scars \[[@CR3], [@CR4]\]. Combination therapies with other adjuvant therapeutic modalities, such as pressure garments, silicone gel, radiation, or cryotherapy, seem to further increase treatment efficacy \[[@CR5]--[@CR7]\]. Complications associated with intralesional corticosteroid injection include tissue atrophy, hypopigmentation, hyperpigmentation, telangiectasia, and severe pain during the injection, perhaps due to random deposition within the scar if the corticosteroid follows the path of minimal resistance \[[@CR8]--[@CR10]\].

In recent years, laser-assisted drug delivery has been suggested as a means to overcome some of the complications associated with intralesional injections \[[@CR11]--[@CR14]\].

The aim of the present study was to explore the use of thermal decomposition of the stratum corneum to increase skin permeability for topical corticosteroid and 5FU application in the treatment of keloid scars.

Methods {#Sec2}
=======

A retrospective review of 7 patients (4 males, 3 females) treated for keloid scars between January 2015 and December 2017 was performed. Patients were offered Tixel treatment following the failure of other modalities and their refusal of other options. Written consent was received after they had been informed of the nature of the procedure. Consent included the use of photos and data for teaching and in medical publications.

The patient's affected areas were treated with Tixel technology (Novoxel Ltd., Israel), which combines thermal energy with motion. The system consists of a titanium tip heated to 400 °C. The tip is advanced until it makes contact with the skin. The tip therefore exerts an ablative effect on the skin due to physical contact and the transduction of heat to the superficial layers of the skin, as opposed to laser energy, which targets chromophores within the skin and heats them.

The tip was heated to 400 °C and contact with the skin was made just once (i.e., a single "pulse") for a duration of 5--8 ms. A protrusion (the distance the heated tip is moved beyond the edge of the handpiece distance gauge) of 1000 μm was applied. Immediately after skin treatment, triamcinolone acetonide (40 mg/ml) and 5-fluorouracil (50 mg/ml) mixed in the ratio 1:9 were applied topically to the treatment area at a dose of 1 cc per cm^2^ with no occlusion or bandaging. All scars received 8 treatments performed 2--3 weeks apart. Post-procedure care included topical trolamine (Biafine; Genmedix Ltd., France) applied by the patient 3--4 times a day for 3 days, as well as the use of a broad-spectrum sunscreen with a sun protection factor (SPF) of 50 for 3 months.

The scars were evaluated and photographed at baseline and 2--3 months after the last treatment. Scars were evaluated by two independent dermatologists using the Vancouver Scar Scale (VSS). Pain levels were assessed according to the Visual Analog Scale (VAS), while satisfaction was assessed using a four-point scale (0---not satisfied, 1---mildly satisfied, 2---moderately satisfied, 3---highly satisfied).

Statistical analysis was performed using SPSS software (version 21.0; IBM Corporation, Armonk, NY, USA).

Results {#Sec3}
=======

Mean keloid VSS reduced from 8.6 ± 1.2 to 5 ± 2.7 (*p* = 0.001). Mean pain VAS score was 2.4 ± 0.7. Overall, patients rated their satisfaction level as moderate--high. No severe adverse reactions were noted. According to their VSS score, 1 patient did not respond to treatment (Table [1](#Tab1){ref-type="table"}).Table 1Patient demographics and clinical dataPatientAge (years)SexAnatomical locationDisease duration (years)Fitzpatrick skin typeVascularity afterVascularity beforeSatisfactionVASAverage VSSaAverage VSSb16FThighs332202109.524FChest3232.5325.58355MChest20332.52368.5423MBack arm5421.53248.553FAbdomen2222434.57.5645FChest13222.53327711FChest432.5223410Average:2.212.282.422.425.58.64SD:0.480.480.780.782.51.24

Discussion {#Sec4}
==========

Keloid scars are an uncommon but troubling complication of dermal injury, with a predilection for younger patients and higher Fitzpatrick skin types, particularly patients of African, Asian, or Hispanic origin with an associated family history \[[@CR1]--[@CR3]\]. Intralesional corticosteroid injections are considered the first-line treatment for keloids \[[@CR3], [@CR4]\]. Corticosteroids can be used alone or in combination with other scar-modulating treatments such as intralesional 5-fluorouracil injection, cryotherapy, surgical excision, radiation therapy, compression therapy, and silicone-based dressings \[[@CR5]--[@CR7]\]. Potential adverse events associated with intralesional corticosteroid injection include dermal and subcutaneous atrophy, pigmentary alterations, and telangiectasia \[[@CR8]\]. Also, the treatment is considered painful, which is a significant drawback, especially in pediatric patients \[[@CR9], [@CR10]\].

Fractionated ablative carbon dioxide (CO~2~) laser-assisted drug delivery (LADD) of corticosteroids is considered less painful and distributes the drug more uniformly, and its use has resulted in encouraging clinical results \[[@CR11], [@CR12]\]. LADD facilitates corticosteroid delivery through the microscopic channels created by the ablative fractional laser \[[@CR12]--[@CR14]\]. That said, LADD is not pain-free and it cannot be tolerated by a significant number of patients.

The therapeutic efficacy of a topical drug relates to both its inherent potency and its ability to penetrate the different skin layers. The main barrier to drug permeation is its passage through the stratum corneum \[[@CR15]\]. The importance of the water content of the stratum corneum in determining its properties is well documented. The water content of the skin gradually increases upon moving from the upper layer of the stratum corneum down to the viable epidermis, where the water content remains almost constant with depth \[[@CR16], [@CR17]\]. The mechanical properties of the stratum corneum are strongly affected by the relative humidity (RH%) within the layer. The breaking strength of the stratum corneum increases from about 10 g at 80--100% RH to 45 g at 0% RH, while the elongation at break decreases from 200% at 100% RH to less than 10% at 0% RH \[[@CR18]\].

Tixel technology combines thermal energy with motion. The system consists of a titanium tip heated to 400 °C. The tip is advanced until it makes contact with the skin, and the duration of this contact (the pulse duration) determines the amount of thermal energy delivered to the skin. The system provides the user with predefined pulse duration parameters that range from 5 to 18 ms. A second system parameter is the protrusion, which is defined as the distance that the heated tip is moved as measured from the edge of the handpiece distance gauge. The protrusion is aimed to acquire better thermal matching between the tip and the tissue without skin perforation (including the Stratum Corneum), along with the process.

Most of the thermal effect is concentrated in the stratum corneum, leading to rapid heat transfer and dehydration of the layer. Gentle elimination of the stratum corneum and desiccation of the upper epidermis establishes a concentration gradient according to Fick's law \[[@CR19]\], leading to enhanced drug delivery following Tixel treatment.

The patients in the study did not describe the procedure as painful (VAS score 2.4, SD 0.7). The overall satisfaction of the patients was moderate--high, and objective reduction (as assessed by two independent dermatologists) was significant, as can be seen in Fig. [1](#Fig1){ref-type="fig"}. Importantly, no notable adverse effects were reported with this approach. That said, one of the patients did not respond to treatment. The nonresponder had the highest VSS score (10.5) due to the significant height and rope-like bands of their scar. Thermal decomposition alone may not be enough to achieve the necessary drug delivery with in such cases, so alternative methods may be necessary.Fig. 1Patient 3. Photographs of the keloid taken before treatment (left) and 3 months after the completion of eight treatment sessions (right)

Limitations of this study include the small sample size, the lack of a control group, and the short follow-up period. It is worth noting that these patients refused any other treatment modality due to the pain they had experienced previously with other treatments. We therefore assume that their subjective pain assessments took their experiences with previous treatments into account. This limitation of the study merits further evaluation in a properly controlled manner. Also, this study raises many questions, including: what is the role of heat progression? Is it only a drug delivery enhancement system? Does the heat transfer affect the dermal microvasculature as well? More substantial, randomized, blinded, placebo-controlled studies are needed.

Conclusions {#Sec5}
===========

Thermomechanical drug delivery of TAC and 5-FU is safe and effective. This is a promising option for the treatment of keloid scars, particularly in the pediatric population.
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